A microtiter plate-based enzyme immunoassay has been developed for phaseolinone, a phytotoxin isolated from the culture filtrate of the plant-pathogenic fungus Macrophomina phaseolina (Tassi) Goid. The smallest amount of phaseolinone detectable by the method is 5 pg per well. The method is validated by comparison with high-performance liquid chromatography and used to confirm and estimate phaseolinone production in seeds infected with the fungus. The degree of seed inhibition correlated well with the amount of toxin produced in infected seeds, 50% inhibition being observed at a toxin concentration of 0.60 ,ug/g of wet tissue.
A microtiter plate-based enzyme immunoassay has been developed for phaseolinone, a phytotoxin isolated from the culture filtrate of the plant-pathogenic fungus Macrophomina phaseolina (Tassi) Goid. The smallest amount of phaseolinone detectable by the method is 5 pg per well. The method is validated by comparison with high-performance liquid chromatography and used to confirm and estimate phaseolinone production in seeds infected with the fungus. The degree of seed inhibition correlated well with the amount of toxin produced in infected seeds, 50% inhibition being observed at a toxin concentration of 0.60 ,ug/g of wet tissue.
The isolation and structure elucidation of a phytotoxic metabolite, phaseolinone 1, from the culture filtrate of the fungus Macrophomina phaseolina (Tassi) Goid were reported earlier (8) . The fungus is an agriculturally important plant pathogen which causes inhibition of seed germination, wilting of seedlings, and root rot in several crop plants, like soya bean, tobacco, ground nut, and beans (like Vigna catjung Endl. and Dolichos lablab) (4, 5) .
Phaseolinone is a nonspecific exotoxin which inhibits seed germination of a large number of plants (14) . The concentration required for complete inhibition of seed growth of Phaseolus mungo (black gram) is 25 pLg/ml (2) . It also causes wilting of seedlings and leaf necrosis in several plants (1) . Although these symptoms were similar to those produced by the fungus itself, the role of the toxin in pathogenesis was not established, as it had not been isolated from or detected in infected seeds and plants. For this purpose, an analytical method for estimation of the amount of phaseolinone in plant tissues would be highly useful. Such a method would also be useful for estimation of the amount of phaseolinone in fungus-contaminated foodstuffs, as the toxin is mutagenic to at least some strains of Escherichia coli and Salmonella typhimurium (3).
Here, we describe the development of an enzyme immunoassay procedure for the determination of phaseolinone levels. The method was used to measure and confirm the production of phaseolinone in fungus-infected black gram seeds.
MATERIALS AND METHODS
Reagents. Bovine serum albumin (BSA), horseradish peroxidase (type VI) (HRP), S-acetyl mercaptosuccinic anhydride, dithio-bis-(2-nitrobenzoic acid), polyoxyethylenesorbitan monolaurate (Tween 20) Preparation of phaseolinone-BSA conjugate. BSA was thiolated with S-acetyl mercaptosuccinic anhydride according to the procedure described by Klotz and Heiney (11) . Briefly, to a solution of BSA (100 mg) in sodium phosphate buffer (0.1 M, pH 7.0), 70 mg of S-acetyl mercaptosuccinic anhydride (0.4 mmol) in 200 ,ul of dimethylformamide was added. The reaction mixture was gently stirred for 30 min at room temperature. Tris-HCl buffer (300 V,ul 100 mM) containing hydroxylamine (500 mM) and EDTA (10 mM, pH adjusted to 7.0) was added to the above-described mixture and stirred for 60 min. The reaction mixture was then dialyzed against 0.1 M sodium phosphate buffer (pH 7.0) containing EDTA (5 mM) for 4 h and purified by chromatography over Sephadex G-50. The resulting mercaptosuccinyl BSA was estimated (10) to contain 18 thiol groups per molecule of BSA.
The thiolated BSA solution (3 ml, containing approximately 75 mg of protein) was made alkaline (pH 7.5) with 0.1 N NaOH, and phaseolinone (9.5 mg, 34 pmol) was added immediately to it. The mixture was stirred for 2 h at room temperature and then kept at 4°C overnight. The reaction mixture was dialyzed against 50 mM sodium phosphate buffer (pH 7.5) and purified by chromatography over Sephadex G-50 (Fig. 1) . The degree of conjugation as determined from the ratio of the A260 and A28,0 was found to be 14.5 mol of phaseolinone per mol of BSA.
Immunization procedure. Antibody was raised in New Zealand White rabbits as described by Dawson et al. (7) . Briefly, 1 mg of the phaseolinone-BSA conjugate in 1 ml of isotonic saline was emulsified with 1 ml of Freund's complete adjuvant and injected subcutaneously in multiple sites at the back of each animal. Booster injections with the same amount of antigen in Freund's incomplete adjuvant were administered after 2 and 4 weeks and thereafter at monthly intervals. Serum samples were collected from the ear vein 10 days after the fifth, sixth, and seventh booster injections, and the antibody titer was checked by Ouchterlony immunodiffusion against the immunogen. A clean precipitin band was obtained after the seventh booster injection at a serum dilution of 1:4, when blood was collected by cardiac puncture. The antibody was purified by repeated precipitation of the sera with ammonium sulfate (50% saturation) followed by dialysis against phosphate-buffered saline (10 mM, pH 7.5). It was then passed through a BSA-Sepharose immunoadsorbent column to remove anti-BSA antibody. The purified antibody showed a precipitin band against immunogen but not against BSA. Aliquots of antisera were stored at -200C.
Preparation of phaseolinone-peroxidase conjugate. HRP was thiolated by the same procedure described for BSA, using 2 mg of HRP in 500 ,ul of sodium phosphate buffer (0.125 M, pH 7.0) and 1.5 mg of S-acetyl mercaptosuccinic anhydride in 35 ,ul of dimethylformamide. Deacylation was carried out by reacting the mixture with 25 ,ul of Tris-HCl buffer (100 mM, pH 7.5) containing hydroxylamine (250 mM) and EDTA (10 mM), and the product was dialyzed against 0.1 M sodium phosphate buffer (pH 7.5) containing EDTA (5 mM) and then purified by Sephadex G-50 chromatography. Thiol group estimation by Ellman's method (10) indicated five thiol groups per HRP molecule.
Phaseolinone (0.5 mg, 0.180 ,umol) was added to the thiolated HRP solution (600 ,ul), and the pH was adjusted to 7.2 with 0.1 N NaOH. The solution was stirred at room temperature for 1 h and dialyzed against 0.1 M sodium phosphate buffer containing 0.9% sodium chloride at 40C. It was further purified by chromatography over Sephadex G-50. The enzyme conjugate (1 mg/ml) was preserved at -20°C in aliquots in the presence of BSA (10 g/liter). The average degree of conjugation as determined from the ratio of the A245 and A403 was 3 mol of phaseolinone per mol of HRP.
Working solutions of the enzyme conjugate prepared by 20-fold dilution with assay buffer were stable for at least 6 months when stored at 4°C.
Coating of microtiter plates. Microtiter plates were coated with antibody diluted 2,000-fold (200 ,ul per well) with coating buffer. After incubation for 30 min at room temperature and then at 4°C overnight, the wells were washed with washing buffer three times. Vacant sites were blocked with postcoating buffer (200 ,ul per well, 37°C, 3 h) and again washed three times with washing buffer.
Infection of seeds. The fungus M. phaseolina was grown in wheat bran in culture tubes at 30°C for 4 days. Black gram seeds were washed with 0.1% HgCl2 solution and soaked in water for 6 to 8 h. In the initial experiment to find out the production of phaseolinone in infected seeds, the presoaked seeds were mixed with an arbitrary amount of infected wheat bran and allowed to grow on sterile sand. After specified time intervals a fixed number of seeds were taken out, washed with methanol, and blotted dry on filter paper.
For determination of the dose-response relationship, the amount of inoculum required for complete inhibition of seed germination was determined by trial experiment. The required amount of infected wheat bran was homogenized in 20 ml of sterile water. When cultured in Czapek Dox agar plates, 0.1 ml of this suspension showed 0.5 x 103 CFU. The stock suspension was serially diluted (1:5), and 5-ml aliquots were mixed with 45 g of sterile sand containing 30 seeds and incubated at 30°C. The control set contained sterile water in place of the infected wheat bran suspension. After 48 h the number of seeds germinated was determined. The seeds were then taken out, washed with methanol, and blotted dry.
Preparation of sample. The seeds (1 g [wet weight]) were homogenized in 50% aqueous methanol and centrifuged at 1,500 x g for 10 min. The supernatant was evaporated at reduced pressure to dryness, redissolved in 1 ml of methanol, and filtered. The residue was discarded, and 100 ,ul of filtrate was evaporated to dryness in a test tube, treated with 0.5 ml of a chloroform-petroleum ether mixture (1:1), vortexed, and centrifuged at 1,500 x g for 5 RESULTS AND DISCUSSION For development of an enzyme-linked immunosorbent assay (ELISA) method for determination of phaseolinone, it was necessary to find an efficient way of coupling the toxin to proteins. The hydroxy, keto, and terminal epoxide groups of the toxin are potential handles for this purpose. Exploratory experiments showed that selective acylation of either of the hydroxy groups is difficult and that attachment of a spacer through the keto group without affecting the epoxides would be impracticable. The terminal epoxide was, however, found to react readily with mercaptoacetic acid and cysteine in slightly alkaline conditions. As determined by nuclear magnetic resonance, in both cases only single products were formed by attack of the thiol group on the terminal carbon of the epoxide (data not presented). This provided a convenient method for preparation of the immunogen and the enzyme conjugate by reaction of phaseolinone with thiolated BSA and thiolated HRP, respectively. The strong UV absorption of phaseolinone in the 240-to 260-nm region (Xmax, 245 nm; £, 10,000) also provided a convenient spectrophotometric method for determination of the degree of conjugation of the proteins. Immunization of rabbits with phaseolinone-BSA conjugate gave satisfactory antibody titers after 6 months.
For development of the ELISA, the pH of the coating buffer, dilution of the coating antibody, dilution of the enzyme conjugate, and incubation time and temperature were optimized by a preliminary checkerboard assay. The best results were obtained with an antibody dilution of 1:2,000 in the coating buffer and an enzyme conjugate dilution of 1:1,000.
Immunoreactivity infected seeds was studied. For this purpose, the extract was fractionated by HPLC and the fractions were assayed for immunoreactivity by ELISA. The profile shown in Fig. 2 clearly demonstrates that (i) there was a considerable amount of immunoreactive material other than phaseolinone in the extract, (ii) phaseolinone accounts for only about 38% of the total immunoreactivity of the extract, and (iii) the cross-reacting materials (eluted between 4 and 9 min) were more polar than phaseolinone. Efficiency of sample preparation. The presence of crossreacting materials in the infected seed extracts necessitated an efficient sample purification step preceding ELISA. Dissolution of the dried aqueous methanolic extract in a 1:1 mixture of chloroform-petroleum ether effectively eliminated all nonspecific immunoreactivity (Fig. 3a) . The insoluble part contained very little phaseolinone as determined by HPLC (Fig. 3b) . The recovery of phaseolinone added to aqueous methanolic extract of control noninfected seeds consistently ranged between 87 and 94%. As can be seen from Fig. 3c , the extracts from the control noninfected seeds contained no phaseolinone. The ELISA of these extracts also showed the absence of phaseolinone or any other immunoreactive material.
Sensitivity. A typical standard curve covering the range from 10 pg to 10 ng per well is shown in Fig. 4 . The sensitivity of the assay, i.e., the smallest amount distinguishable with a 95% confidence level, was 5 pg per well.
Precision. The precision of the assay was determined with seed extracts prepared on two different days after infection. The mean phaseolinone concentrations in the two extracts were 1.2 ng and 318 pg per well with intra-assay variations of 8.3 and 10.0% (n = 18), respectively. The corresponding interassay variabilities were 9.1 and 10.5% (n = 8), respectively.
Accuracy. In recovery experiments, two samples (seed extracts) containing 1.13 and 1.15 ng of endogenous phase- a After 48 h, large fungal colonies began to appear and physical disintegration of the seeds began.
olinone per well were assayed after spiking with a known amount of phaseolinone. As shown in Table 1 , analytical recoveries ranged from 92 to 107%.
In a dilution recovery test, an infected seed extract (2.5 ng of phaseolinone per well) was diluted serially from 2-to 32-fold and assayed. The measured and expected concentrations of the toxin showed a linear relationship, proving the consistency of readings taken from any part of the standard curve.
Validation by HPLC. The phaseolinone contents of six infected seed extracts were also estimated by reverse-phase HPLC. The values obtained by the two methods were in good agreement ( Table 2) .
Rate of production of phaseolinone. The ELISA for phaseolinone was used to determine the rate of production of phaseolinone in black gram seeds after different hours of infection by M. phaseolina (Tassi) Goid. It was found that the amount of phaseolinone produced was maximum at 24 h and decreased gradually (Table 3) thereafter.
The amounts of inoculum used and the toxin produced are, however, much larger than the minimum amounts required for complete inhibition of seed germination (see below).
Dependence of germination inhibition on the amount of phaseolinone produced. Table 4 shows the dependence of inhibition of seed germination on the amount of phaseolinone produced in seeds infected with different amounts of the fungus. The viability of the seeds used was about 97%. There is an excellent relationship between the amount of phaseolinone produced and the degree of germination inhibition. Fifty percent inhibition was observed at a concentration of 0.6 ,ug of the toxin per g of wet tissue. There is also an excellent relationship of the inoculum dilution with the amount of toxin produced and the degree of inhibition of The presence of other immunoreactive material in the extracts of the infected seeds was not unexpected. Biogenetic precursors of phaseolinone with close structural similarity may cross-react with phaseolinone. We have isolated from M. phaseolina one such putative precursor, phomenone, isolated earlier from Phoma e-xigua (13) . However, these biosynthetic precursors are expected to be less polar than phaseolinone. Most of the immunoreactive contaminants are eluted earlier than phaseolinone from a reversephase column, indicating that they are more polar than phaseolinone. This indicates that these contaminants are probably conjugates of phaseolinone with cysteine or other thiol-bearing molecules.
Phytotoxic metabolites have been isolated from culture filtrates of many plant-pathogenic fungi (9) . However, production of such toxins during culture does not necessarily establish their production under conditions of natural infections. Since many of these toxins are produced in very small amounts, demonstration of their production in infected plants has always been a challenging task. Because of its high sensitivity, ELISA (16) is a suitable method of detection and estimation of such toxins (6, 12) . The present paper further demonstrates the versatility of the method. The correlation between the amount of phaseolinone produced in infected seeds by M. phaseolina and the degree of seed germination inhibition indicates that the action of the fungus is probably mediated through this toxin.
